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BiogasThe interest in renewable energy sources has gained great importance in Europe due to the need to reduce fossil
energy consumption and greenhouse gas emissions, as required by the Renewable Energy Directive (RED) of the
European Parliament. The production of energy from energy crops appears to be consistent with RED. The envi-
ronmental impact related to this kind of energy primarily originates from crop cultivation. This research aimed to
evaluate the environmental impact of different crop systems for biomass production: single and double crop. The
environmental performances of maize andmaize plus wheat were assessed from a life cycle perspective. Two al-
ternative scenarios considering different yields, crop management, and climatic conditions, were also addressed.
One normal cubicmetre of potentialmethanewas chosen as a functional unit.Methane potential production data
were obtained through lab experimental tests. For both of the crop systems, the factors that have the greatest in-
ﬂuence on the overall environmental burden are: fertilizer emissions, diesel fuel emissions, diesel fuel produc-
tion, and pesticide production. Notwithstanding the greater level of methane potential production, the double
crop system appears to have the worse environmental performance with respect to its single crop counterpart.
This result is due to the bigger quantity of inputs needed for the double crop system. Therefore, the greater
amount of biomass (silage) obtained through the double crop system is less than proportional to the environ-
mental burden that results from the bigger quantity of inputs requested for double crop.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The use of renewable sources for energy production is considered to
be a potential solution for reducing the environmental problems de-
rived from fossil fuels (Cherubini et al., 2009; Appels et al., 2011;
González-García et al., 2012a). However, the environmental impacts of
agricultural production systems have raised concern from national as
well as international points of view. According to the Intergovernmental
Panel on Climate Change, agriculture contributes a share of 13.5% to
global anthropogenic greenhouse gas (GHG) emissions (Bachmaier
et al., 2010; Carozzi et al., 2013).39 02 503 16845.
ghts reserved.In Europe, the interest in Renewable Energy Sources (RES) has
strongly increased due to the need to reduce fossil energy consumption
and greenhouse gas (GHG) emissions, as indicated by DIRECTIVE 2009/
28/EC (RED) (European Parliament Council, 2010, 2009). According to
RED, Italy should be able to produce 17% of primary energy using RES
by 2020 (in 2009, energy production from RES was already at 8.86%,
and in 2010, it was N10%). In particular, RES should produce 100
TWh/year, covering 26% of electric consumption (Ministero dello
Sviluppo Economico, 2012).
Energy crops and corresponding derived bioenergy production are
expected to bring environmental, social, and economic beneﬁts. Several
studies have reported beneﬁts in terms of the reduction of greenhouse
gas emissions, air pollution, acidiﬁcation, or eutrophication (Brentrup
et al., 2004; Buratti and Fantozzi, 2010; Kimming et al., 2011;
Bacenetti et al., 2012a; González-García et al., 2012b). However, the
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and Monti, 2011; González-García et al., 2012c; Uchida and Hayashi,
2012).
For the achievement of EuropeanUnion (EU) objectives, the anaero-
bic digestion (AD) of energy crops and agro-industrial by-products and/
or wastes appears to be one of the most promising agro-energy chains
(Angelidaki and Ellegaard, 2003; Edelmann et al., 2005; Clemens et al.,
2006; Wulfa et al., 2006; Börjesson and Berglund, 2007; Jury et al.,
2010; Patterson et al., 2011; Capponi et al., 2012). Among all possible
solutions, AD represents one of the most promising ways to use RES
(Börjesson and Mattiasson, 2008).
Agricultural rawmaterials, such as straw andmanure, are common-
ly used for biogas production (Del Prado et al., in press). Livestock activ-
ities are in fact widespread in Italy and there is, consequently, a great
availability of manure. Nevertheless, the main feeding materials for di-
gesters are often represented by cereal silages (of maize, wheat, and
triticale, in particular) (Lansche and Müller, 2012).
In 2010, in Germany which is the country with the most signiﬁcant
biogas production (about 7000 biogas plants), more than one-third of
the maize area (2,282,000 ha) was used for bioenergy production
(Dressler et al., 2012). In Italy, about 1000 agricultural biogas plants
are currently (December 2012) in function (374 located in Lombardy),
for a global electrical power of 756 MW (Bacenetti et al., 2013); about
10% of the total maize area (1,172,000 ha) was speciﬁcally cultivated
for biogas purposes (Casati, 2013).
Although detailed information concerning the silage used for the AD
plants is not available, in the areas in which biogas production is more
widespread an increase in biomass prices and the value of land has
taken place (Povellato, 2011).
The production of cereal ensilage can be carried outmainlywith two
different crop systems: the single crop system with sorghum or maize
FAO classes 600 or 700, or the double crop system with winter cereals
(wheat, barley or triticale) followed by maize FAO classes 300, 400
or 500. In Lombardy, the maize hybrids FAO Class 700 are the most
used for energy production in the single crop system, while maize
hybrids FAO Classes 400 – 500 can be suitable after the harvesting
of winter cereals, when the double culture system is chosen. However,
the choice between the single crop or the double crop system must
be carefully evaluated. In the double crop system, despite a moder-
ated increase of production, ﬁeld operations as well as production
factors used (fertilizers, seeds, pesticide) are approximately double
that in maize 700. Consequently, double crop systems involve
higher economic costs.
In addition, it must be considered that the possibility for using
double crop systems is linked to climatic conditions. The key factor is
the speed with which tillage operations and sowing of maize 500 are
performed after the harvest of the wheat. In years with a rainy spring
this might not be allowed, or it could force the choice of maize hybrids
with a shorter vegetative cycle (for example, maize class 300 or 400)
instead of maize class 500 (which shows higher biogas production).
Environmental effects caused by energy crop cultivation come not
only from ﬁeld operations but also from rawmaterial (fuels, fertilizers,
and pesticides) extraction, production and transportation (Scacchi
et al., 2010). Therefore, in order to perform a complete evaluation of
the system, all of these aspects must be taken into account.
Life cycle assessment (LCA) is a methodology that aims to analyze
products, processes, or services from an environmental perspective
[ISO 14040, 2006] (Guinée et al., 2002; ISO, 2006), providing a useful
and valuable tool for agricultural system evaluation (Audsley, 1997;
Brentrup et al., 2001; IPCC, 2006; Finnveden et al., 2009; Fiala and
Bacenetti, 2011) as well as for energy crops (Gasol et al., 2009;
Bacenetti et al., 2012b; González-García et al., 2012b).
The aim of this study was to analyze the environmental perfor-
mances of two different crop systems (single and double crop) cultivat-
ed in Northern Italy, used for producing biomass for energy purposes.
The LCA method was chosen to perform the environmental analysis.2. Materials
2.1. Goal and scope deﬁnition
The environmental performances of a single crop (maize class 700 or
maize 700) and a double crop (maize class 500 or maize 500 plus
wheat) were compared in terms of methane potential production.
Moreover, the most critical stages for both crop systems under study
throughout the life cycle were identiﬁed.
The choice of the selected biomasseswas due to their diffusion in the
Lombardy region.Maize 700 is the bestmaize hybrid for single crop cul-
tivation in the PoValley areawhileMaize 500 is themost suitablemaize
hybrid for second sowing after a winter cereal. Therefore, in these cli-
matic conditions, maize 700 (as a single crop) and the cultivation of
wheat followed by maize 500 (as a double crop) are the two solutions
which allow the better exploitation of the growing season. For this
reason these two cropping systems were evaluated using the LCA
methodology.
2.2. Description of the cropping systems under assessment
Wheat (Triticum spp. L.), which is awinter crop, andmaize (Zeamais
L.), which is a summer crop, were analyzed. Two FAO maize classes, in
particular, were considered: maize 700 and maize 500.
Two different crop systems were taken into account:
1. Single crop: maize 700 only;
2. Double crop: wheat followed by maize 500.
For the double crop system, the seed bed preparation for maize cul-
tivation is realized immediately after harvesting the wheat.
Cultivation of both analyzed crops is located in the Po Valley area,
district of Milan, Lombardy region (Italy). The local climate is character-
ized by an average annual temperature of 12.7 °C, and rainfall is mainly
concentrated in autumn and spring (average annual precipitation is
equal to 745 mm).
Field operations can be divided into four main steps: (1) soil tillage;
(2) crop growth; (3) biomass harvesting and transport; and (4) biomass
ensilage. Operations included in each step are shown in Fig. 1. Basically,
the two crop systems differ in terms of the land occupation time: 5 and
12 months per year for single and double crop systems, respectively.
There are differences between maize and wheat and also between
maize 700 and maize 500, with regard to applied fertilizers and
pesticides rates, seeds and water, and diesel fuel amounts. Field and
ensilage operations for the three crops under study are described in
the following subsections and reported as supplementary material.
2.2.1. Maize
Maize is the most widespread summer crop in Italy; in 2011, about 1
millionhectareswere cultivated [24% in Lombardy] (ISTAT, 2011). InMay,
before ploughing, the soil will have been fertilized with digestate at rates
of 45 and 85 t ha−1 for the maize 500 and 700, respectively. After
ploughing, always in May, the soil is harrowed, sown, and treated with
herbicides [Lumax, 4 kg ha−1]. The sowed seeds range from 70,000
(19 kg ha−1) to 77,000 (20 kg ha−1) seeds ha−1 depending on maize
classes. In addition to the digestate spreading, mineral fertilization,
using potassium- and phosphorous-based fertilizers, is carried out for
maize 500 between the ploughing and harrowing. Chemicalweed control
is carried out twice in June using 1 kg ha−1 of Dual. In the same month,
hoeing and mineral fertilization with urea are performed.
For maize, irrigation can increase and make the yield steady. After
the top fertilization, irrigation is performed between four and ﬁve
times for maize 500 and 700, respectively, in July and August. The
water volume is 800 m3 ha−1 for each intervention. For both of the
FAO classes, the harvesting of the maize silage occurs in September
with self-propelled machines. After transport to the biogas plant, the
biomass is stored in silos, and ensilage is executed for wheat biomass.
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Fig. 1. System boundaries: single crop on the top, double crop on the bottom. Note: D = digestate, S = seeds, H = herbicide, N = nitrogen fertilizer, W = water, F = phosphorous and
potassium fertilizers.
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Table 1
Methane potential production for the different crops.
Crop system Crop Average value
m3N/twb
Single crop Maize 700 102.3 ± 10.9
Double crop Maize 500 105.6 ± 11.9
Wheat 83.1 ± 11.8
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between the two different classes of maize: The maize 700 gives a
yield that is higher (75 twb ha−1 with a dry matter content of 34%)
than that of maize 500 (48.75 twb ha−1 with a dry matter content of
38%).
2.2.2. Wheat
Together with barley and triticale, wheat is one of the most wide-
spread winter crops in Northern Italy [approximately 340,000 ha in
2011] (Casati, 2011). It can be used for human and animal feeding
(grain or fodder) and as biomass for AD plants. When employed as an
energy crop, wheat is harvested before the grain ripening, and all of
the biomass is harvested and chopped in order to be subsequently
ensiled.
Before sowing, the soil is ﬁrst fertilized with digestate (40 t ha−1);
after that, the soil is ploughed and harrowed. The digestate comes from
nearby AD plants towhich the produced biomass is delivered. The spread
digestate, which has a dry matter content of 5.4%, is applied during the
second half of September, when the average maximum temperature is
26.5 °C and the average minimum temperature is 16.2 °C. No rainfall
(1 mm) occurred during the days following the digestate application.
The sowing was performed in October using 35,000 seeds ha−1
(200 kg ha−1) in order to obtain a ﬁnal density of 300–350 plants m−2.
First, chemical weed control is carried out following the seeding (pre-
emergency) by spraying terbutilazine and alachlor (5 kg ha−1). In
addition to organic fertilization, chemical fertilizers are also applied inTable 2
Field and ensilage operations for single crop (maize 700).
Operation NN. Month Tractor
Mass
Power
Pre-seeding organic fertilization 1 May 5050 kg
90 kW
Ploughing 1 May 10,500 kg
190 kW
Harrowing 1 May 7300 kg
130 kW
Sowing 1 May 5050 kg
90 kW
Chemical weeding 3 May Jun 4450 kg
Jun 80 kW
Irrigation 5 Jun 4450 kg
Jul 80 kW
Aug
Mechanical weeding 1 Jun 5050 kg
90 kW
Top fertilization 1 Jun 6850 kg
120 kW
Harvesting 1 Sep –
Transport 1 Sep 5050 kg
90 kW
Ensilage 1 Set 5050 kg
90 kW
[a] Average composition: N = 0.40%; P2O5 = 0.08%, K2O = 0.31%.two steps. The ﬁrst is carried out in November using ammonium nitrate
at a rate of 60 kg ha−1; the second is carried out in February with urea
(60 kg ha−1). However, mechanical weed control and irrigation are
not carried out. In May, the cariosside (seed) reaches the waxy ripeness,
and the whole crop (straw and grain) is harvested and chopped using
a self-propelled forager that simultaneously loads the biomass into
farm trailers that are coupled with tractors and driven beside the
foragers. The biomass yield is 38.35 twb ha1 (with a dry matter content
of 32%).
The biomass is transported to the biogas plant (distance = 2.5 km).
The chopped biomass is ensilaged and stored in horizontal silos for feed-
ing the digesters during the entire year. The ensiling operations are car-
ried out by means of wheeled tractors that are equipped with a frontal
loader that compacts and presses the chopped biomass inside the silos.2.3. Functional unit
The functional unit (FU) selected in many LCA studies of energy
crops is the mass of biomass (Dressler et al., 2012; Goglio et al., 2012;
González-García et al., 2012a,b). However, the biomasses produced
from the energy crops assessed have different characteristics and, con-
sequently, different biogas speciﬁc productions. Therefore, the mass of
biomass does not appear to be the most appropriate FU because it
does not allow a fair comparison among the assessed cereals and crop
systems.
Considering that the analysis was performed on crops that were
speciﬁcally cultivated for energy production by means of AD plants,
the selected FUwas 1 normal cubicmetre (1 m3N) of potentialmethane
(CH4). Methane potential production data were obtained through
experimental tests (Table 1) (described in Section 2.5).
For both crop systems, the annual methane potential production was
considered by calculating the volume of potential methane obtained
from:
1. 1 ha cultivated with maize 700 (year 2011), and
2. 1 ha cultivated with maize 500 and wheat (year 2011).Operative machine Note
Type
Size
Mass (kg) Time (h/ha)
Manure spreader
20 m3
2000 3.33 85 twb ha−1
Digestate[a]
Plough 2000 1.11 –
Rotary Harrow
4.0 m
1800 1.20 –
Pneumatic seeder
4 lines
900 1.00 20 kg ha−1
Sprayer
15 m
600 0.33 4 kg ha−1 lumax
1 kg ha−1 dual
1 kg ha−1 dual
Pump
950 m3/h
550 1.20 4400 m3 ha−1
Weeder
2.8 m
550 0.33 –
Fertilizer spreader
2500 dm3
500 0.13 60 kg ha−1 urea
Forage harvester
335 kW
13,000 1.00
3 Farm trailers
30 m3
5500 3.03 –
2 Frontal loader
2 m3
450 3.03
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The studied system (Fig. 1) included crop cultivation and harvesting,
biomass transport, and ensilage to the biogas plant. For the two crop sys-
tems, the life cycle of each agricultural process was included within the
system boundaries. This life cycle considers raw materials extraction
(e.g. fossil fuels and minerals), manufacture (e.g. seeds, fertilizers,
chemicals and agricultural machines) and use (diesel fuel consumption
and derived combustion). The agronomic inputs for the two crop systems
under assessment are shown in Tables 2 and 3, where the characteristics
of agricultural machines commonly used for these crops are summarized.
Three different scenarios were considered:
1. The baseline scenario (BS) represents the situation as it was recorded
and described within Tables 4 and 5; the average value was
considered.
2. Alternative scenario 1 (AS1), or “hypothetical future scenario,” is a
scenario in which an increase of 15% of biomass yield (and, subse-
quently, of CH4 production) and fertilizer application was assumed.
This scenario considers favorable climatic conditions in addition to
proper plant nutrition as well as the development of improved
maize hybrids (for example, genetically modiﬁed organisms withTable 3
Field and ensilage operations for double cropping (wheat + maize 500).
Operation NN. Month Tractor
Mass
Power
WHEAT Pre-seeding organic fertilization 1 Sep 5050 kg
90 kW
Ploughing 1 Sep 10,500 kg
190 kW
Harrowing 1 Sep 7300 kg
130 kW
Seeding 1 Oct 5050 kg
90 kW
Mechanical Weeding 1 Oct 4450 kg
80 kW
Top fertilization 2 Nov
Feb
6850 kg
120 kW
Harvesting 1 May –
Transport 1 May 5050 kg
90 kW
Ensilage 1 May 5050 kg
90 kW
MAIZE 500 Pre-seeding organic fertilization 1 May 5050 kg
90 kW
Ploughing 1 May 10,500 kg
190 kW
Post-seeding mineral fertilization 1 May 6850 kg
120 kW
Harrowing 1 May 7300 kg
130 kW
Seeding 1 May 5050 kg
90 kW
Chemical weeding 3 May Jun
Jun
4450 kg
80 kW
Irrigation 4 Jun,
2 Jul
Aug
4450 kg
80 kW
Weeding 1 Jun 5050 kg
90 kW
Top fertilization 1 Jun 6850 kg
120 kW
Harvesting 1 Sep –
Transport 1 Sep 5050 kg
90 kW
Ensilage 1 May 5050 kg
90 kW
[a] Average composition: N = 0.40%; P2O5 = 0.08%, K2O = 0.31%.resistance to pests and/or to drought). The impact of yield increase
on environmental performances has already been evaluated in sever-
al LCA studies (for example. González-García et al., 2012a,b). Al-
though several authors have studied the possibility of getting a
yield raise as a consequence of an increase in fertilizer application
(Bélanger et al., 2012; El-Fouly et al., 2012; Gagnon et al., 2012;
Latković et al., 2012; Tremblay et al., 2012) the increase of fertilizer
application has been hypothesized only in order to keep balanced
the ratio between nitrogen application and nitrogen removal.
3. Alternative scenario 2 (AS2), or “worst case scenario,” is a scenario in
which all agricultural inputs were kept constant, and a decrease in
yield of 15% was hypothesized as a consequence of adverse weather
conditions (for example, hailstorms, strong drought) or due to inade-
quate phytosanitary management (for example, unexpected/late de-
tection of Ostrinia nubilalis and or Diabrotica virgifera virgifera attacks).2.5. Data collection
Data (from 2011) concerning ﬁeld operations, ensilage, and trans-
port were directly obtained via questionnaires that were administered
to farmers and via surveys on the ﬁeld. The farmer provided allOperative machine Note
Type Size Mass (kg) Time (h/ha)
Manure spreader
20 m3
2000 3.33 40 twb ha−1
Digestate[a]
Plough
3-shovel
2000 1.11
Rotary harrow
4.0 m
1800 1.20
Seeder 900 1.00 200 kg ha−1
Spraying
15 m
600 0.33 Terbutilazina +
Alachlor 5 kg ha−1
Fertilizer spreader
2500 dm3
500 0.13 60 kg ha−1 ammonium
nitrate
60 kg ha−1 urea
Forage harvester
335 kW
13,000 1.00
2 Farm trailers
30 m3
5500 2.00
2 Frontal loader
2 m3
450 2.00
Manure spreader
20 m3
2000 3.33 45 t ha−1
Digestate
Plough
3-shovel
2000 1.11 –
Fertilizer spreader
2500 dm3
500 0.13 100 kg ha−1
P2O5 and K2O
Rotary harrow
4,0 m
1800 1.20 –
Pneumatic seeder
4 lines
900 1.00 19 kg ha−1
Sprayer
15 m
600 0.33 1 kg ha−1 dual
4 kg ha−1 lumax
Pump
950 m3/h
550 1.20 3600 m3 ha−1
Weeder
2.8 m
550 0.33
Fertilizer spreader
2500 dm3
500 0.13 60 kg ha−1 urea
Forage Harvester
335 kW
13,000 1.00
3 Farm trailers
30 m3
5500 3.03
2 Frontal loader
2 m3
450 3.03
Table 4
Data inventory for single crop (data related to FU: 1 m3N of potential CH4).
Input from the technosphere Units
Fertilizers
Digestate[a] kg 10.8
Urea as N g 3.51
Pesticides
Metolachlor S mg 412.9
Triazine compounds mg 95.29
Mesotrione mg 19.06
Fuel
Diesel fuel for ﬁeld operations and transport g 26.4
Diesel fuel for ensilage g 4.53
Other inputs
Lubricants g 0.63
Maize seeds g 2.54
Input from the environment
Land use m2 1.27
Irrigation water m3 0.56
Output to the environment
Product
Maize 700 silage[b] kg 9.78
Emissions to the atmosphere
Ammonia (fertilizer) g 7.33
Nitrous oxide (fertilizer) g 0.49
HC (diesel) mg 64.8
CO (diesel) g 0.34
CO2 (diesel) g 87.9
NOx (diesel) g 0.69
Particulate (diesel) mg 44.06
Metolachlor S mg 9.62
Mesotrione mg 0.01
Triazine compounds mg 0.10
Emissions to water
Phosphate mg 86.39
NO3 g 2.46
Metolachlor S mg 0.36
Mesotrione mg 0.19
Triazine compounds mg 7.34
[a] = By-product of AD: it does not contribute to environmental impact; [b] = Losses (5%
of harvested biomass) due to the transport and the ensilage operation were taken into
consideration (Bacenetti et al., 2013).
Table 5
Data inventory for double crop (data related to FU: 1 m3N of potential CH4).
Input from the technosphere Units
Fertilizers
Digestate[a] kg 10.73
Urea as N g 6.97
Fertilizer P2O5 g 12.63
Fertilizer K2O g 12.63
Pesticides
Metolachlor S mg 284.15
MCPA mg 101.03
Triazine compounds mg 94.72
Clopyralid mg 10.10
Fluroxypyr mg 20.21
Mesotrione mg 18.94
Fuel
Diesel fuel for ﬁeld operations & transport g 38.07
Diesel fuel for ensilage g 4.84
Other inputs
Lubricants g 0.88
Maize seeds g 2.40
Wheat seeds g 25.26
Input from the environment
Land use m2 1.26
Irrigation water m3 0.45
Output to the environment
Products
Maize 500 silage[b] kg 5.87
Wheat silage kg 4.57
Emissions to the atmosphere
Ammonia (fertilizer) g 7.82
Nitrous oxide (fertilizer) g 0.56
HC (diesel) mg 90.84
CO (diesel) g 0.48
CO2 (diesel) g 124.85
NOx (diesel) g 0.97
Particulate (diesel) mg 69.02
Metolachlor S mg 6.91
Mesotrione mg 0.01
MCPA mg 3.84
Triazine compounds mg 0.10
Clopyralid μg 23.24
Fluroxypyr mg 0.36
Emissions to water
Phosphate mg 212.2
Metolachlor S mg 0.26
MCPA mg 2.77
Mesotrione mg 0.18
Triazine compounds mg 6.63
Clopyralid mg 0.31
Fluroxypyr mg 44.66
[a] = By-product of AD: it does not contribute to environmental impact; [b] = Losses (5%
of harvested biomass) due to the transport and the ensilage operation were taken into
consideration (Bacenetti et al., 2013).
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document called “Quaderni di campagna”), and water use. The diesel
fuel consumption was partly measured (by evaluating the volume of
fuel used to ﬁll up fuel tanks to the brim) and partly estimated using
the model SE3A (Fiala and Bacenetti, 2012).
Emissions due to the fertilizers were included: nitrogen emissions
(nitrate, ammonia, and nitrous oxide) were computed following the
model proposed by Brentrup et al. (2000), while phosphate emissions
were calculated in accordance with Smil (2000). Climatic data for
2011, which were necessary for calculating fertilizer emissions, were
obtained from the meteorological station closest to the farm.
Pesticide emissions were also estimated using PestLCI (Birkved and
Hauschild, 2006), a model that quantiﬁes the emissions to different en-
vironmental compartments (i.e. groundwater, surface water, and air).
Regarding fuel use, the emissions that each machine in ﬁeld operations
generated were estimated using data from the Swiss Federal Ofﬁce for
the Environment (Federal Department of the Environment, Trans-
port, Energy and Communications, or DETEC) (DETEC, 2013). Back-
ground data for seed production, diesel fuel, fertilizers, and pesticides
were obtained from the Ecoinvent database [version 2.2] (Frischknecht
et al., 2007) and the LCA Food DK database (Nielsen et al., 2003).
No change in the overall soil carbon content has been assumed
because the ﬁelds were previously dedicated to cereal cultivation(González-García et al., 2012a,b). Tables 4 and 5 report data inventories
for the single and double crop under study.
Data concerning CH4 potential production were obtained by means
of laboratory experimental tests. For the different biomasses, the specif-
ic productions were obtained using lab-scale AD tests; unstirred lad-
fermenters (volume: 2.5 dm3) were utilized. These were made up of a
hermetically sealed glass jar equipped with a metallic cover containing
a valve through which the biogas produced reaches the corresponding
gasometer. Each gasometer is made from a methacrylate pipe (volume
3.5 dm3) atop which are ﬁtted two hoses: One transports the biogas
from the fermenter, and one, equippedwith a valve, can be used for gas-
ometer recharge with the water solution (saturated with CaCO3 to
Table 6
Evaluated impact categories (CML 2000).
Impact categories Unit of measure
Ozone layer depletion (ODP) kg CFC-11equivalents
Human toxicity 1.4-dichlorobenzene equivalents
Fresh water aquatic ecotoxicity 1.4-dichlorobenzene equivalents
Marine aquatic ecotoxicity 1.4-dichlorobenzene equivalents
Terrestrial ecotoxicity 1.4-dichlorobenzene equivalents
Photochemical oxidation kg ethylene equivalents
Global warming (GWP100) kg carbon dioxide equivalents
Acidiﬁcation kg SO2 equivalents
Abiotic depletion kg antimony equivalents
Eutrophication kg PO4 equivalents
Abiotic depletion Acidification Eutrophication Global warming
Abiotic depletion Acidification Eutrophication Global warming
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Fig. 2. Environmental impact of 1 m3N of CH4: from maiz
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of the measurement.
Samples of fermenting material from different full-scale AD were
collected to be used as inoculum. Before fermenters were set up, they
were ﬁlteredwith 2 mmsieves and placed at 40 °C for 48 h tominimize
the amount of inoculum biogas production.
In each fermenter, the inoculum/substrate ratio was kept at 2:1 on a
volatile solids basis (Vismara et al., 2008): On average, each fermenter
contained 2 kg of inoculum (total solids 3% ± 0.2 of raw material)
and 30 g of dried biomass. Before digestion, all substrates were ground.
During the experimental tests, the temperature in each fermenter was
40 °C. To keep the biomass conditions as homogeneous as possibleHuman toxicity Fresh water
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r
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Fig. 3. Environmental impact (subdivided into “on-farm” and “off-farm”) to obtain 1 m3N of CH4 from the cultivation of maize 700 (top) and of wheat + maize 500 (bottom).
1073J. Bacenetti et al. / Science of the Total Environment 466–467 (2014) 1066–1077and to facilitate biogas collection, the fermenters were shaken daily.
Biogas production was recorded daily by reading the centimeters run
in the gasometers and by calculating the equivalent volume.
Before AD, the drymatter total solid (TS) content was determined fol-
lowing a 24-h drying period at 105 °C, while volatile solid (VS) content
was determined as a percentage of TS, according to APHA (1998). Biogas
composition in terms of CH4 percentage was monitored by means of one
“Binder Combigas GA-m3” (from Binder, D) portable gas analyzer.2.6. Methods
Among the steps deﬁnedwithin the life cycle impact assessment stage
of the standardized LCAmethodology, classiﬁcation, characterization andnormalization stages were carried out in this study. The characterization
factors reported by the Centre of Environmental Science of Leiden
University (CML 2001 method) were used (Guinée et al., 2002). The
impact categories evaluated according to the CML method are reported
in Table 6. A life cycle impact assessment (LCIA) was performed using
SimaPro software (Goedkoop et al., 2008). LCIA was performed for the
three different scenarios as previously discussed.3. Results and discussion
The environmental impact linked to CH4 production frommaize 700
is widely determined, as expected, by maize cultivation. Ensilage plays a
secondary role in the environmental burden for all of the three crops
Table 7
Comparison between 1 m3N obtained from maize 700 (single crop) and from
wheat + maize500 (double crop). The worst crop system was set at 100.
Impact categories Single crop Double crop
% %
Abiotic depletion 57.70 100
Acidiﬁcation 90.70 100
Eutrophication 91.83 100
Global warming (GWP100) 66.94 100
Ozone layer depletion (ODP) 63.59 100
Human toxicity 49.13 100
Fresh water aquatic ecotox. 51.80 100
Marine aquatic ecotoxicity 53.51 100
Terrestrial ecotoxicity 44.46 100
Photochemical oxidation 60.20 100
Table 8
Values for the impact categories.
Impact category Units Methane potential
frommaize 700
Methane potential from
maize 500 + wheat
Abiotic depletion kg Sb eq 9.26E − 04 1.61E − 03
Acidiﬁcation kg SO2 eq 1.25E − 02 1.38E − 02
Eutrophication kg PO4 eq 3.12E − 03 3.36E − 03
Global warming
(GWP100)
kg CO2 eq 2.71E − 01 4.10E − 01
Ozone layer depletion
(ODP)
kg CFC-11 eq 1.87E − 08 2.95E − 08
Human toxicity kg 1.4-DB eq 3.14E − 02 6.26E − 02
Fresh water aquatic
ecotox.
kg 1.4-DB eq 7.39E − 03 1.43E − 02
Marine aquatic
ecotoxicity
kg 1.4-DB eq 2.04E + 01 3.82E + 01
Terrestrial ecotoxicity kg 1.4-DB eq 2.10E − 04 4.73E − 04
Photochemical oxidation kg C2H4 eq 2.91E − 05 4.84E − 05
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the cultivation phase is the stage of the life cycle that is worth attention.
Fig. 2 shows, for the two crop systems, the contributions to the impact
categories of each input and output for obtaining 1 m3N of CH4.
The critical factors are: fertilizer emissions (decisive for acidiﬁcation,
eutrophication and global warming potential), diesel fuel emissions
(important for global warming potential and photochemical oxidation),
diesel fuel production (decisive for abiotic and ozone layer depletion),
pesticide production (important for human toxicity), and urea produc-
tion. In more detail, for both the crop systems analyzed, approximately
90% of eutrophication and acidiﬁcation derived from fertilizer emissions.
Global warming potential originating from fertilizer emissions was over
50% for the single crop and 40% for the double crop. The abiotic andozone
layer depletion impacts are primarily caused by diesel fuel consumption
in both cases. Diesel fuel emissions are responsible for almost 30% of
GWP and photochemical oxidation impacts. The contribution of urea pro-
duction ranged from 25% (human and water toxicity) to 30% (double
crop) and40% (single crop) (terrestrial ecotoxicity). Pesticides production
was relevant primarily for the single crop; its contribution ranged from
12% (terrestrial ecotoxicity) to almost 30% (human toxicity).
Normalized data1, shown in Fig. 3, were subdivided into “on-farm”
and “off-farm” impacts. On-farm impacts represent the environmental
burden derived directly from farm activities (such as diesel fuel emis-
sions and fertilizers emissions);meanwhile, off-farm impacts are not di-
rectly related to farm activities (inputs production).
For the single crop system, the overall environmental burdenmainly
stems from on-farm impacts. For the double crop, the overall burden is
almost equally due to both on-farm and off-farm impacts. For both the
single and double crop, the most relevant impact categories were acid-
iﬁcation, eutrophication, marine aquatic ecotoxicity and abiotic deple-
tion. The ﬁrst two were mainly caused by farm activities, the latter
two were the result of off-farm activities.
Comparing the cultivation phases for the single (maize 700) and
double (maize 500 + wheat) crop, it can be stated that for each impact
category, the cultivation of maize 700 (to obtain 1 m3 of methane) in
the single crop system is environmentally more sustainable than it is
in the double crop system.
The comparison in terms of the environmental impact of 1 m3N of
CH4 obtained from maize 700 and from maize 500 plus wheat turns
out to be very favourable for maize 700 (Table 7). The environmental
burden of the double crop is greater than that of the single crop for
each impact category; for acidiﬁcation and eutrophication, the differ-
ences are less evident (b10%). Knowing that fertilizer emissions largely1 The CML method includes data normalization: the results for each impact category
were divided by a reference. This reference is the average inhabitant environmental load
(for each impact category) in Europe in 1995. The normalization step allows the obtaining
of adimensional scores.inﬂuence these impact categories, the main reason for such a result is N
leaching. Notwithstanding that for the double crop more fertilizer is
used, no leaching occurs (according to a calculation from Brentrup
et al., 2000). On the contrary, cultivation of maize 700, although it
requires a lower fertilizer application, determines nitrate leaching,
which causes acidiﬁcation and eutrophication. Table 8 shows scores
for all impact categories for methane from the single and double crop
systems.
Considering themaximal andminimal CH4 production (see Table 1),
the overall environmental impact grows as CH4 production decreases.
Concerning the comparison among different scenarios (BS, AS1, AS2)
the following can be considered. For maize 700 (Fig. 4), the reduction
of the yields (AS2) (keeping all other conditions constant except for
the diesel fuel used for ensilage) leads to a proportional decrease of
CH4 production, causing an aggravation of the environmental burden
of approximately the same entity than the yield decrease (15%). On
the contrary, in AS1, all environmental impacts decrease (−20% ap-
proximately) except for acidiﬁcation and eutrophication, which remain
essentially the same.
For maize 500 plus wheat (Fig. 4), comparing BS with AS2, the same
considerations could be made except that eutrophication varies more
than the yield reduction does. In AS2, the lower yield leads to nitrate
leaching (absent in BS), which exacerbates the disparity for the eutro-
phication impact category.
Considering that it is essential that the production of feedstock is
carried out under sustainable conditions, in recent years, several LCA
studies have been carried out to evaluate the environmental impact of
energy crops cultivation (Dressler et al., 2012; Goglio et al., 2012;
González-García et al., 2012b; Bachmaier et al., 2013; Ghahderijani
et al., 2013). Our results are in agreement with this literature. In fact, al-
though the use of a different FU does not allow for a strict comparison,
all these LCA studies highlighted that the process hotspots are: i) nitro-
gen fertilization (which involves remarkable impacts due to its produc-
tion as well as its application into the soil); ii) diesel fuel consumption
(mainly for ploughing and harvest, ﬁeld operationswith high power re-
quirements); and iii) pesticide utilization for impact categories such as
human toxicity and terrestrial ecotoxicity. Inmore detail, regarding fer-
tilizer emissions Dressler et al. (2012) and González-García et al.
(2012b) also reported a strong relation between organic fertilization
and eutrophication.4. Conclusions
This study compares the environmental performances of a single
and double crop system. The evaluation has been made using 1 m3N of
methane as a functional unit due to theﬁnal use of the crops considered.
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Fig. 4. Comparison among different scenarios for maize 700 (top) and wheat + maize 500 (bottom).
1075J. Bacenetti et al. / Science of the Total Environment 466–467 (2014) 1066–1077Results from the analysis point out that for all impact categories taken
into consideration, the double crop system appears to have the worse
environmental performance compared to the single crop system. This
means that the greater amount of biomass (silage) obtained with the
double crop system is less than proportional to the environmental bur-
den that results from the bigger quantity of inputs needed for the dou-
ble crop system.
Comparing scenarios that differ for biomass yields, it is evident
that the more the yield increases, the more the environmental burden
decreases. The same supposition can be drawn for speciﬁc methaneproduction: The more the methane speciﬁc production increases,
the better the environmental performance of the system.
The analysis executed highlighted that the nitrogen cycle and
their linked emissions are relevant for the environmental burden of
maize and wheat cultivation, especially for some impact categories
(namely acidiﬁcation and eutrophication). Therefore, themodel cho-
sen to estimate nitrogen emissions in the environment is a critical factor
in this kind of analysis due to its inﬂuence on the ﬁnal result. For this
reason, the analysis of this aspect of cultivation should be, if possible,
performed with site-speciﬁc models.
1076 J. Bacenetti et al. / Science of the Total Environment 466–467 (2014) 1066–1077Because the biomass produced in the two crop systems under
study is used to feed anaerobic digestion plants, the next step of
our study will be the analysis of the conversion phase of the biomass
into biogas and then into electricity. The results of the current anal-
ysis represent the ﬁrst essential step for the whole life cycle assess-
ment of electricity production from AD realized in agricultural
plants.
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